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Introduction {#sec1}
============

Neuronal activity at the synapse induces changes in synaptic strength by altering the abundance of receptors at the synaptic membrane. Thus, changes in α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor abundance are thought to underlie the regulation of synaptic strength during synaptic plasticity and homeostatic synaptic scaling. During long-term potentiation (LTP), AMPA receptors are incorporated into the postsynaptic membrane, thereby increasing postsynaptic potentials at that synapse ([@bib17]). Elucidating the machinery regulating the new insertion of AMPA receptors at the synapse is therefore essential to understand the basic molecular events underlying synaptic transmission, learning, and memory. The apolipoprotein E receptor 2 (ApoER2) mediates the functions of Reelin in the developing and adult nervous system ([@bib7], [@bib8], [@bib29], [@bib31], [@bib24], [@bib30]). Upon Reelin binding to the receptors, ApoER2 and very-low-density lipoprotein receptor (VLDLR), Src family kinases (SFKs) become activated and phosphorylate the intracellular adaptor protein Dab1, thereby initiating a complex signaling cascade leading to correct neuronal positioning during the development of the neocortex, hippocampus, and cerebellum ([@bib3], [@bib9], [@bib15]). We have previously shown that ephrinBs, transmembrane ligands for Eph receptors, are required for Reelin signaling to regulate neuronal migration during brain development ([@bib26]). EphrinBs regulate the clustering and activation of SFKs, Dab1, and ApoER2/VLDLR at the membrane of migrating neurons. Reelin expression remains in the adult brain in a subset of GABAergic interneurons that regulate excitatory neuronal networks and therefore are essential for synaptic transmission and plasticity. In this context, it has been shown that Reelin controls synaptic plasticity in an ApoER2- and Dab1-dependent manner ([@bib31], [@bib24], [@bib30]). Several mechanisms have been postulated for the enhancement of synaptic transmission by Reelin. ApoER2 associates with NMDA receptors at postsynaptic sites ([@bib2]), and Reelin-induced phosphorylation of NMDA receptors enhances NMDA receptor currents. Reelin has also been shown to facilitate the new insertion of AMPA receptors at the synapse ([@bib23]), although the molecular mechanisms that link AMPA receptors and ApoER2 at the synaptic membrane remain still poorly characterized.

Apart from its functions in regulating maturation of dendritic spines, ephrinB ligands possess an active signaling role in regulating hippocampal plasticity in CA3-CA1 synapses ([@bib25], [@bib12], [@bib4]). The molecular mechanisms underlying the function of ephrinB2 at the CA1 postsynaptic site involve the phosphorylation of a serine residue on the cytoplasmic tail of ephrinB2 (serine-9 \[Ser-9\]) and the recruitment of GRIP1, a multiple-PDZ-domain-containing adaptor molecule that also binds to the GluR2 subunit of AMPA receptors ([@bib10]). Because ephrinB ligands play important roles regulating Reelin signaling during neuronal migration ([@bib26]), we hypothesize that ephrinB/GRIP1 complexes might mediate the functions of ApoER2 at the synapse.

Here, we show that neuronal activity induces the clustering of ApoER2 and ephrinB2 at postsynaptic sites and downstream signaling, resulting in Dab1 phosphorylation. EphrinB2 is required for the activity-induced and ApoER2-mediated de novo insertion of AMPA receptors in dendrites. We identify the serine residue Ser-9 in the cytoplasmic tail to be essential for the regulatory function of ephrinB2 in ApoER2 signaling at the synapse. Mechanistically, we show that GRIP1 molecules bridge a complex consisting of ephrinB2/ApoER2/GluR2. Using compound genetics, we show the requirement for such a complex for the function of ApoER2 in regulating AMPA receptor insertion and LTP.

Results {#sec2}
=======

Neuronal Activity Induces Co-clustering of EphrinBs with ApoER2 {#sec2.1}
---------------------------------------------------------------

We have previously shown that in order to stabilize AMPA receptors at the membrane, ephrinB proteins cluster at postsynaptic sites, and such clustering occurs following induction of neuronal activity by membrane depolarization ([@bib10]). During development, ApoER2 signaling requires the activation of SFKs by ephrinB proteins ([@bib26]). Therefore, we initially addressed whether this association is also important for functions of ApoER2 in adult stages during synaptic plasticity. We first investigated whether ApoER2 would cluster together with ephrinB ligands and whether this clustering could be regulated by neuronal activity. We changed the membrane potential of primary hippocampal neurons in culture by applying a depolarizing potassium chloride (KCl) solution for 10 min. Immunofluorescence analysis showed increased cluster formation and co-localization of ApoER2 and ephrinB following induction of neuronal activity ([Figures 1](#fig1){ref-type="fig"}A and 1B), suggesting a cooperative function of these two receptors in regulating activity-induced responses in neurons. Depolarizing the neurons with KCl for 10 min did not affect the expression levels of ApoER2 or ephrinB2 ([Figures 1](#fig1){ref-type="fig"}C and 1D).Figure 1ApoER2 and EphrinB2 Are Required for Activity-Induced New AMPA Receptor Insertion(A and B) Potassium chloride (KCl) stimulation co-clusters ephrinBs with ApoER2. Primary hippocampal neurons were isolated from wild-type mice at E17.5 and stimulated with 10 mM KCl for 10 min at 14 DIV to activate neuronal activity. Microscopic images show fluorescent staining of ApoER2 and ephrinB in dendrites. Arrowheads indicate co-clustering of ApoER2 (red) and ephrinB (green) upon KCl stimulation (A). Quantification of ApoER2, ephrinB, and ApoER2-ephrinB colocalized clusters is shown for n = 5 neurons (B).(C and D) Neuronal membrane depolarization by KCl does not alter the expression levels of ApoER2 and ephrinB2. Hippocampal neuron cultures were treated with 10 mM KCl for 10 min at 14 DIV to induce neuronal activity and subjected to subsequent western blot analysis. Western blots showing ApoER2 expression levels and control actin levels (C) and ephrinB2 and control N-cadherin expression levels (D).(E and F) Induction of neuronal activity and activation of ApoER2 induces AMPA receptor insertion in dendritic membranes. Wild-type hippocampal neurons (E17.5) were subjected to AMPA receptor membrane insertion assays. During the assay, neurons were stimulated with 10 mM KCl or concentrated Reelin (Reln) supernatants. Stimulations were conducted for 10 min (KCl) or 3 hr (Reln). Fluorescent images of GluR2 inserted into the dendritic membrane in response to KCl or Reelin (E). Relative fluorescence intensities of newly inserted GluR2 in dendrites of neurons (n = 6) (F).(G and H) ApoER2 is essential for Reelin-induced membrane insertion of AMPA receptors. AMPA receptor membrane insertion was analyzed in wild-type and ApoER2 knockout hippocampal neurons upon stimulation with Reelin for 3 hr. Fluorescent images represent newly inserted GluR2 in dendritic branches of wild-type (+/+) and ApoER2 knockout (ApoER2^−/−^) neurons upon Reelin stimulation (G). Quantification shows relative intensities of GluR2 insertion in wild-type and ApoER2 knockout neurons (n = 3) (H).(I and J) EphrinB2 mediates the membrane insertion of AMPA receptors upon Reelin stimulation. Control and ephrinB2 knockout neurons were subjected to AMPA receptor membrane insertion assays. Images of dendrites showing newly inserted GluR2 in response to Reelin stimulation in control (Nes-cre−; efnB2^lox/lox^) and ephrinB2 knockout (Nes-cre+; efnB2^lox/lox^) hippocampal neurons (I). Quantification of relative GluR2 intensities in neuronal dendrites (n = 3) (J).Scale bars represent 5 μm (A, E, G, and I). Bar graphs show mean ± SEM (shown as error bars). ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

ApoER2 and EphrinB2 Are Required for Activity-Induced New AMPA Receptor Insertion {#sec2.2}
---------------------------------------------------------------------------------

Neuronal activity induces synaptic plasticity via insertion of additional AMPA receptors at the dendritic membrane ([@bib13], [@bib6]). In fact, ApoER2 has been shown to regulate the insertion of AMPA receptors into the dendritic membrane ([@bib23]). To analyze whether ephrinB2 and ApoER2 signaling co-operates to control AMPA receptor insertion into the membrane, we took advantage of an AMPA receptor membrane insertion assay ([@bib16], [@bib19]). A primary mouse anti-GluR2 antibody is applied on the neurons, followed by an unlabeled secondary anti-mouse antibody to block GluR2 subunits residing in the membrane prior to the assay ([Figure S1](#mmc1){ref-type="supplementary-material"}A). The new insertion of AMPA receptors is then monitored by staining (in non-permeabilizing conditions) the receptors at the surface using the same anti-GluR2 antibody in combination with a fluorophore-labeled secondary antibody. After imaging, fluorescence intensities are measured and represent the population of AMPA receptors that has been inserted at the membrane following a given stimulus. We first treated primary hippocampal neurons at 14 days in vitro (DIV) with a depolarizing KCl solution or Reelin (to activate ApoER2 receptors) and examined newly inserted AMPA receptors. Induction of neuronal activity by KCl as well as activation of ApoER2 with Reelin led to an enhancement of AMPA receptor membrane insertion compared to the non-stimulated controls ([Figures 1](#fig1){ref-type="fig"}E and 1F). The effect of Reelin on new insertion of AMPA receptors required ApoER2, since hippocampal neurons isolated from ApoER2 knockouts failed to respond to Reelin and showed decreased AMPA receptor insertion at the dendritic membrane ([Figures 1](#fig1){ref-type="fig"}G and 1H). We next addressed the requirement of ephrinB2 and activation of Src kinases for the Reelin-induced and ApoER2-mediated insertion of new AMPA receptors. We generated neuron-specific knockout of ephrinB2 by using conditional homozygous ephrinB2^lox/lox^ mice expressing one copy of cre under the Nestin promoter (Nes-cre+; efnB2^lox/lox^). We then isolated hippocampal neurons from Nes-cre-positive ephrinB2^lox/lox^ mice at embryonic day 17.5 (E17.5) and Nes-cre-negative control neurons from littermates and cultured them for 14 DIV. The AMPA receptor insertion induced by stimulation with Reelin was blocked in neurons that did not express ephrinB2, suggesting that ephrinB2 proteins are required for this function of Reelin ([Figures 1](#fig1){ref-type="fig"}I and 1J). In agreement with a requirement for SFKs in this process, AMPA receptor insertion following ApoER2 activation by Reelin was impaired when neurons were pre-incubated with the SFK-specific inhibitor SU6656 ([Figures S1](#mmc1){ref-type="supplementary-material"}B and S1C). These results suggest that in hippocampal neurons, activation of ApoER2 receptors results in the insertion of new AMPA receptors, and this function requires ephrinB2 and the activation of SFKs.

Neuronal Activity Induces Dab1 Phosphorylation at the Synapse through ApoER2/EphrinB2 {#sec2.3}
-------------------------------------------------------------------------------------

Next, we tested whether canonical signaling through the phosphorylation of Dab1 adaptor protein also occurs following induction of neuronal activity in hippocampal neurons. Membrane depolarization with KCl as well as induction of chemical LTP by tetraethylammonium chloride (TEA-Cl) application resulted in increased Dab1 phosphorylation in hippocampal neurons as assessed by immunofluorescence with an anti-P-Dab1 ([Figures 2](#fig2){ref-type="fig"}A--2D) and by western blot analysis ([Figures 2](#fig2){ref-type="fig"}E and 2F). The specificity of the anti-P-Dab1 antibody was confirmed by phospho-Tyrosine immunoprecipitation from Dab1 knockout brain lysates ([Figure S2](#mmc1){ref-type="supplementary-material"}A). The phosphorylation of Dab1 upon induction of neuronal activity was comparable to the one obtained by directly stimulating ApoER2 with Reelin ([Figures S2](#mmc1){ref-type="supplementary-material"}B and S2C). Neuronal activity also induced the accumulation of P-Dab1 at the postsynaptic sites in clusters with ephrinB2 ([Figures 2](#fig2){ref-type="fig"}G--2J and [S3](#mmc1){ref-type="supplementary-material"}A--S3D). Moreover, stimulation of hippocampal neurons with Reelin and the ectodomain of EphB4 fused to Fc (EphB4-Fc) (to activate ephrinB2) resulted in increased P-Dab1 clusters and recruitment to PSD-95-positive sites ([Figures S3](#mmc1){ref-type="supplementary-material"}E--S3H).Figure 2Neuronal Activity Induces Dab1 Phosphorylation at the Synapse through EphrinB2(A--D) Neuronal activity induces Dab1 phosphorylation in primary hippocampal neurons. Levels of phosphorylated Dab1 were assessed by immunocytochemistry. Fluorescent images showing dendritic pDab1 staining upon stimulation with KCl for 10 min (A) to depolarize the membrane or 25 mM TEA-Cl for 10 min to induce chemical LTP (C). Quantification of relative pDab1 fluorescence intensity is shown in (B; n = 4) and (D; n = 3).(E and F) Hippocampal neurons were stimulated with 10 mM KCl or 25mM TEA-Cl for 10 min and subjected to western blot analysis. Western blot showing increased levels of pDab1 upon KCl stimulation (E). Quantification of relative pDab1 levels (n = 4) (F).(G and H) Induction of neuronal activity causes co-clustering of ephrinB and pDab1 at postsynaptic sites. Hippocampal neurons were treated with KCl and immunocytochemical analysis was performed. Microscopic images show dendritic pDab1 and ephrinB staining. Arrowheads indicate co-clustering of pDab1 (red) and ephrinB (green) upon KCl stimulation (G). Quantification of ephrinB2, pDab1, and ephrinB2-pDab1 colocalized clusters upon KCl stimulation (n = 5 neurons) (H).(I and J) Co-staining of pDab1 (red) and PSD-95 (green) in response to KCl is shown by arrowheads (I). Quantification of PSD-95, pDab1, and colocalized clusters of PSD-95-pDab1 is shown (n = 5 neurons) (J).(K and L) Dab1 phosphorylation upon KCl stimulation depends on ephrinB2. Primary hippocampal neurons were isolated from conditional neuronal specific ephrinB2 knockout embryos at E17.5. At 14 DIV, neurons were stimulated with 10 mM KCl for 10 min and immunocytochemistry for pDab1 was performed. Fluorescent images showing pDab1 in control (Nes-cre−; efnB2^lox/lox^) and ephrinB2 knockout (Nes-cre+; efnB2^lox/lox^) neurons stimulated with KCl (K). Quantification of relative pDab1 fluorescence intensity in control and ephrinB2 knockout neurons (n = 3) (L).Scale bars represent 20 μm in (A), (C), and (K) and 5 μm in the higher magnifications in (A), (C), and (K) as well as in (G) and (I). Bar graphs show mean ± SEM (shown as error bars).^∗^p \< 0.05, ^∗∗∗^p \< 0.001. See also [Figures S2--S4](#mmc1){ref-type="supplementary-material"}.

To confirm the requirement for ephrinB2 and ApoER2 for the phosphorylation of Dab1 induced by activity, we isolated hippocampal neurons from Nes-cre-positive ephrinB2^lox/lox^ mice at E17.5 and Nes-cre-negative control neurons from littermates and depolarized the membrane by KCl treatment. Depolarization of the membrane failed to induce Dab1 phosphorylation in neurons lacking ephrinB2 ([Figures 2](#fig2){ref-type="fig"}K and 2L). Likewise, neurons isolated from ApoER2 knockouts (ApoER2^−/−^) also failed to activate Dab1 in response to membrane depolarization ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B). These results suggest that both ApoER2 and its co-receptor, ephrinB2, are necessary for Dab1 phosphorylation at the synapse in response to neuronal activity.

GRIP1 Binds to ApoER2 and Scaffolds an EphrinB2/ApoER2/AMPA Receptors Complex {#sec2.4}
-----------------------------------------------------------------------------

We have previously shown that the PDZ-containing scaffold protein GRIP1 binds to ephrinB2 and AMPA receptors at postsynaptic sites ([@bib10]). Thus, we postulated that GRIP1 might be a candidate for scaffolding a complex consisting of ApoER2, ephrinB2, and AMPA receptors at the membrane in response to neuronal activity. Therefore, we first analyzed whether ApoER2 binds to GRIP1. Immunoprecipitation of endogenous ApoER2 from brain lysates showed endogenous GRIP1 binding that was abrogated when ApoER2 was immunoprecipitated from GRIP1^−/−^ lysates ([Figure 3](#fig3){ref-type="fig"}A). We next confirmed that ApoER2 and AMPA receptors interact biochemically. To test whether this interaction requires the linker protein GRIP1, we prepared total brain lysates of wild-type and GRIP1^−/−^ mice and performed immunoprecipitation with anti-ApoER2 antibody. We observed binding of GluR2 to ApoER2 in wild-type lysates that was impaired in GRIP1^−/−^ lysates ([Figure 3](#fig3){ref-type="fig"}B), suggesting that GRIP1 in fact bridges ApoER2 and AMPA receptors. Moreover, also binding between ApoER2 and ephrinB2 was impaired in GRIP1^−/−^ lysates ([Figure 3](#fig3){ref-type="fig"}B).Figure 3GRIP1 Binds to ApoER2 and Scaffolds an EphrinB2/ApoER2/AMPA Receptor Complex(A) GRIP1 and ApoER2 co-immunoprecipitate in mouse brain lysates. Total brain lysates from adult wild-type (+/+) and GRIP1 knockout (GRIP^−/−^) mice were immunoprecipitated with anti-GRIP1, anti-ApoER2, or an unrelated antibody generated in rabbit (Ctrl) and analyzed by western blot for GRIP1 and ApoER2.(B) GRIP1 bridges ApoER2, GluR2, and ephrinB2. Wild-type (+/+) and GRIP1 knockout (GRIP1^−/−^) brain lysates were immunoprecipitated using anti-ApoER2 antibody, and binding to GluR2 and ephrinB2 was analyzed by western blot.(C) EphrinB ligands mediate the interaction between ApoER2 and GRIP1. Brain lysates from adult control (Nes-cre−; efnB2^lox/lox^/efnB3^+/+^) and double ephrinB2/ephrinB3 knockout (Nes-cre+; efnB2^lox/lox^/efnB3^−/−^) mice were immunoprecipitated with anti-ApoER2 antibody or normal rabbit immunoglobulin G (IgG; Ctrl) and analyzed by western blot using anti-GRIP1 antibody.(D) Co-immunoprecipitation using anti-ApoER2 antibody or an unrelated rabbit antibody (Ctrl) shows the macromolecular complex formed by ApoER2, GRIP1, GluR2, and ephrinB2.(E and F) Interaction between ApoER2 and GRIP1 is increased upon stimulation with KCl or Reelin in primary hippocampal neuron cultures. Western blots showing GRIP1 co-immunoprecipitation by using an anti-ApoER2 antibody (E). Quantification of relative binding of GRIP1 to ApoER2 upon KCl or Reelin stimulation is shown (n = 3) (F).Bar graphs show mean ± SEM (shown as error bars).^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.

In order to investigate the role of ephrinB2 in the binding of ApoER2 to GRIP1 and take into account potential compensatory mechanisms by ephrinB3, we crossed our neuron-specific ephrinB2 knockout mice to a global ephrinB3 knockout mouse line. We prepared total brain lysates from double-knockout and control mice and performed immunoprecipitation with anti-ApoER2 antibody. We observed that the binding of GRIP1 to ApoER2 was impaired in the double-knockout mice, suggesting that ephrinB ligands are involved in the binding of ApoER2 to GRIP1 ([Figure 3](#fig3){ref-type="fig"}C). Importantly, immunoprecipitation of ApoER2 from wild-type brain lysates yields together the entire complex formed by ApoER2, ephrinB2, GRIP1, and AMPA receptors ([Figure 3](#fig3){ref-type="fig"}D).

We next investigated if the binding of GRIP1 to ApoER2 is regulated by neuronal activity. For this purpose, we induced membrane depolarization in hippocampal neurons isolated from wild-type mice and immunoprecipitated ApoER2. Western blot analysis showed that induction of neuronal activity in hippocampal neurons leads to an increase in the recruitment of GRIP1 to ApoER2 ([Figures 3](#fig3){ref-type="fig"}E and 3F). Moreover, activation of ApoER2 by stimulation of hippocampal neurons with Reelin also led to increased binding of scaffold protein GRIP1 ([Figures 3](#fig3){ref-type="fig"}E and 3F).

Taken together, these data show the formation of a complex in which GRIP1 acts as a scaffold for ApoER2, ephrinB2, and AMPA receptors and that the binding of the bridging molecule GRIP1 is increased upon induction of neuronal activity in hippocampal neurons.

GRIP1 Is Required for Activity-Induced ApoER2 Downstream Signaling {#sec2.5}
------------------------------------------------------------------

We next investigated the requirement of GRIP1 for the function of ApoER2 in hippocampal neurons. Our previous results suggested that Dab1 transduces the signals downstream of the complex ApoER2/ephrinB2 induced at the postsynaptic site by neuronal activity ([Figure 2](#fig2){ref-type="fig"}). In order to investigate whether GRIP1 is required for the functions of ephrinB2/ApoER2 in vivo we isolated hippocampal neurons from GRIP1^−/−^ embryos and assessed Dab1 phosphorylation upon induction of neuronal activity. Phosphorylation of Dab1 following membrane depolarization with KCl was blocked in hippocampal neurons isolated from GRIP1^−/−^ embryos in comparison to wild-type littermates ([Figures 4](#fig4){ref-type="fig"}A and 4B).Figure 4GRIP1 Is Required for Activity-Induced Dab1 Phosphorylation Mediated by ApoER2(A and B) Dab1 phosphorylation in response to neuronal activity was examined in primary hippocampal neurons prepared from wild-type (+/+) and GRIP1 knockout (GRIP1^−/−^) embryos at E15.5. Images of immunocytochemical pDab1 staining in dendrites stimulated with 10mM KCl for 10 min (A). Quantification of pDab1 fluorescence intensities is shown (n = 3) (B).(C) Single-heterozygous neurons for ApoER2 and GRIP1 show normal levels of pDab1. Quantification of relative pDab1 fluorescence intensities in wild-type, ApoER2^+/−^, and GRIP1^+/−^ neurons (n = 3--6).(D and E) ApoER2 and GRIP1 genetically interact in the phosphorylation of Dab1 upon KCl stimulation. Primary hippocampal neurons from wild-type and ApoER2^+/−^; GRIP1^+/−^ compound mice were stimulated with KCl, and pDab1 levels were assessed by immunocytochemistry. Fluorescent images represent pDab1 in wild-type (+/+) and ApoER2^+/−^; GRIP1^+/−^ compound neurons (D). Quantification of relative pDab1 fluorescence intensity in wild-type and ApoER2^+/−^; GRIP1^+/−^ compound neurons is shown (n = 3) (E).Scale bars represent 20 μm in (A) and (D) and 5 μm in the higher magnifications in (A) and (D). Bar graphs show mean ± SEM (shown as error bars). ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001.

Moreover, in order to show that binding of GRIP1 to ApoER2 is required for the function of ApoER2 in vivo, we used genetic interaction strategies and generated compound mice with a reduction on the gene dosage for both proteins. We have used these strategies in the past to identify functional interactions of proteins in the same signaling pathway ([@bib26]). We isolated hippocampal neurons from wild-type (+/+), ApoER2 heterozygous (ApoER2^+/−^), heterozygous GRIP1 (GRIP1^+/−^), and compound double-heterozygous (ApoER2^+/−^; GRIP1^+/−^) mice and assessed activity-induced Dab1 phosphorylation. The response to membrane depolarization of hippocampal neurons isolated from heterozygous mice for either ApoER2 or GRIP1 was indistinguishable from the one obtained in neurons isolated from wild-type mice ([Figure 4](#fig4){ref-type="fig"}C). However, when the dosage of both proteins was reduced to half in the compound mice (ApoER2^+/−^; GRIP1^+/−^), these neurons phenocopied the defects found in the ApoER2^−/−^ and in the GRIP1^−/−^ homozygous mutants individually and showed no induction of phosphorylation of Dab1 following membrane depolarization ([Figures 4](#fig4){ref-type="fig"}D and 4E). These results indicate that both ApoER2 and GRIP1 are acting in the same pathway to allow phosphorylation of Dab1 at the synapse.

GRIP1 Is Required for ApoER2-Mediated AMPA Receptor Insertion {#sec2.6}
-------------------------------------------------------------

We next investigated the role of GRIP1 in the ApoER2-mediated new insertion of AMPA receptors at the dendritic membrane. For this, we stimulated hippocampal neurons with Reelin to activate ApoER2 receptors and performed the newly inserted AMPA receptor assay as described above. Hippocampal neurons from GRIP1^−/−^ embryos failed to respond to stimulation of ApoER2 by Reelin and to insert new AMPA receptors ([Figures 5](#fig5){ref-type="fig"}A and 5B). Compound genetics also verified the interaction of ApoER2 and GRIP1 required to insert AMPA receptors upon Reelin stimulation. Heterozygous single-mutant ApoER2^+/−^ or GRIP1^+/−^ neurons inserted new subunits of AMPA receptors upon Reelin stimulation as efficiently as neurons obtained from the respective wild-type littermates ([Figure 5](#fig5){ref-type="fig"}C). However, compound mice (ApoER2^+/−^; GRIP1^+/−^), in which both protein dosages have been reduced by half, recapitulated the impairment in inserting AMPA receptors ([Figures 5](#fig5){ref-type="fig"}D and 5E) observed in GRIP1^−/−^ ([Figures 5](#fig5){ref-type="fig"}A and 5B) and ApoER2^−/−^ ([Figures 1](#fig1){ref-type="fig"}G and 1H) single mutants.Figure 5GRIP1 Is Required for ApoER2-Mediated AMPA Receptor Insertion(A and B) GRIP1 is required for AMPA receptor membrane insertion mediated by ApoER2. GluR2 insertion was examined in GRIP1 knockout neurons upon Reelin stimulation. Staining of newly inserted GluR2 in wild-type (+/+) and GRIP1 knockout (GRIP1^−/−^) dendrites (A). Statistical analysis of GluR2 fluorescence intensities (n = 3) (B).(C) Hippocampal neurons generated from single-heterozygous ApoER2 (ApoER2^+/−^) and GRIP1 (GRIP^+/−^) embryos show normal levels of newly inserted GluR2 upon Reelin stimulation (n = 3--4).(D and E) Functional interaction between ApoER2 and GRIP1 is necessary for new AMPA receptor insertion. ApoER2^+/−^; GRIP1^+/−^ compound hippocampal neurons were subjected to AMPA receptor membrane insertion assays with Reelin stimulation. Microscopic images show newly inserted GluR2 after Reelin stimulation in wild-type (+/+) and ApoER2^+/−^; GRIP1^+/−^ compound neurons (D). Quantification of relative fluorescence intensities of newly inserted GluR2 in wild-type and compound neurons (n = 3) (E).Scale bars in (A) and (D) represent 5 μm. Bar graphs show mean ± SEM (shown as error bars). ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001.

EphrinB2 Ser-9 Regulates ApoER2/EphrinB2/AMPAR/GRIP1 Interactions and Activity-Induced AMPA Receptor Insertion In Vivo {#sec2.7}
----------------------------------------------------------------------------------------------------------------------

We next aimed to obtain further mechanistic insights on the regulation of the ApoER2/ephrinB2/GRIP1 complex at the synapse. Previously, we have identified a serine residue in the cytoplasmic tail of ephrinB2 at position −9 whose phosphorylation was required for the interaction with GRIP1 ([@bib10]). In order to investigate the function of this serine residue in the regulation of the ApoER2/ephrinB2/AMPAR/GRIP1 complex at the synapse in vivo, we generated a knockin mouse mutant where the endogenous ephrinB2 allele was replaced by the ephrinB2 cDNA in which the serine −9 in the cytoplasmic domain was mutated to alanine (efnB2 S-9 \> A mouse), therefore rendering a non-phosphorylatable ephrinB2. The expression levels of the knockin ephrinB2 were comparable to wild-type levels as assessed by immunoblot of cultured hippocampal neurons ([Figure S5](#mmc1){ref-type="supplementary-material"}A). We first characterized whether GRIP1 would still be able to stably form a complex with AMPA receptors and the mutant ephrinB2 in vivo. Brain lysates from wild-type and efnB2 S-9 \> A mice were immunoprecipitated with antibodies against ephrinB2, GRIP1, and the subunit GluR2 of AMPA receptors. Immunoprecipitation of ephrinB2 or GRIP1 failed to bring together the triple complex (ephrinB2/GRIP1/AMPA receptor) in efnB2 S-9 \> A mice ([Figures 6](#fig6){ref-type="fig"}A and [S5](#mmc1){ref-type="supplementary-material"}B). These results suggest that the serine residue in ephrinB2 regulates the recruitment of GRIP1 and that mutated ephrinB2 fails to scaffold AMPA receptors in one complex.Figure 6Ser-9 of EphrinB2 Is Essential for the ApoER2-Mediated Insertion of AMPA Receptors at the Post-synaptic Membrane(A--C) The macromolecular complex consisting of ApoER2, GRIP1, GluR2, and ephrinB2 is disrupted in ephrinB2 S-9 \> A mice. Ser-9 of ephrinB2 is necessary for the binding of GRIP1 and GluR2 to ephrinB2. Wild-type (+/+) and ephrinB2 S-9 \> A (efnB2 S-9 \> A) total brain lysates were immunoprecipitated by using an ephrinB2 antibody or an unrelated goat antibody (Ctrl), and binding of GRIP1 and GluR2 was investigated by western blot (A). The interaction between ApoER2 and GRIP1 is lost in ephrinB2 S-9 \> A mutant mice. Wild-type (+/+) and ephrinB2 S-9 \> A knockin (efnB2 S-9 \> A) brain lysates were immunoprecipitated using anti-ApoER2 antibody or an unrelated rabbit antibody (Ctrl), and the interaction with GRIP1 was analyzed by western blot (B). ApoER2 and GluR2 co-immunoprecipitation in mouse brain lysates is dependent on Ser-9 of ephrinB2. Total brain lysates from adult wild-type (+/+) and ephrinB2 S-9 \> A knockin (efnB2 S-9 \> A) mice were immunoprecipitated with anti-GluR2 antibody or an unrelated mouse antibody (Ctrl) and analyzed by western blot for ApoER2 and GluR2 (C).(D--G) Ser-9 of ephrinB2 is required for AMPA receptor membrane insertion and functionally interacts with ApoER2 upon stimulation with KCl and Reelin. Wild-type (+/+) and ephrinB2 S-9 \> A knockin (efnB2 S-9 \> A) neurons were subjected to AMPA receptor membrane insertion assays upon stimulation with 10 mM KCl or concentrated Reelin (Reln) supernatant. Fluorescent images of newly inserted GluR2 staining (D). Fluorescent images of newly inserted GluR2 in wild-type (+/+) and ApoER2^+/−^; ephrinB2^S-9\>A/+^ compound neurons upon KCl or Reelin (Reln) stimulation (E). Shown are quantification of newly inserted GluR2 intensities in wild-type (+/+) and ephrinB2 S-9 \> A (efnB2 S-9 \> A) neurons (n = 10) (F) and quantification of fluorescence intensities in wild-type, ApoER2^+/−^, ephrinB2^S-9\>A/+^, and compound neurons (n = 3--4) (G).Scale bars in (D) and (E) represent 5 μm. Bar graphs show mean ± SEM (shown as error bars). ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001. See also [Figures S5](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}.

We next investigated whether the formation of the ApoER2/ephrinB2/AMPAR/GRIP1 complex was altered in the efnB2 S-9 \> A mouse. Immunoprecipitation of endogenous ApoER2 from brain lysates isolated from wild-type showed endogenous GRIP1 binding that was impaired in lysates from efnB2 S-9 \> A ([Figure 6](#fig6){ref-type="fig"}B). Likewise, immunoprecipitation of GluR2 showed binding of ApoER2 in brain lysates from wild-type mice, but not from efnB2 S-9 \> A mice ([Figure 6](#fig6){ref-type="fig"}C). These results indicate that serine phosphorylation on serine −9 in ephrinB2 regulates the formation of the ApoER2/ephrinB2/AMPAR/GRIP1 in vivo.

In order to explore the functional consequences of a mutation on serine −9 in ephrinB2 on ApoER2-mediated functions, we first isolated hippocampal neurons from mice carrying the mutation on ephrinB2 serine −9 (efnB2 S-9 \> A) and wild-type littermates at E17.5 and assessed AMPA receptor insertion at 14 DIV. The AMPA receptor insertion induced by stimulation with Reelin was abolished in neurons expressing a mutant ephrinB2, suggesting that the binding of GRIP1 to phosphorylated ephrinB2 is essential for the ApoER2-mediated AMPA receptor insertion ([Figures 6](#fig6){ref-type="fig"}D and 6F). Moreover, the new insertion of AMPA receptors following membrane depolarization in neurons was also prevented in neurons with an ephrinB2 serine mutant ([Figures 6](#fig6){ref-type="fig"}D and 6F). We next proceeded to demonstrate a genetic interaction between the ApoER2 receptor and ephrinB2 in the function of ApoER2 during synaptic plasticity and insertion of new AMPA receptors at the dendritic membrane. Thus, we generated compound mice heterozygous for ApoER2 and crossed in one allele of the ephrinB2 serine mutation (ApoER2^+/−^; efnB2^S-9\>A/+^). Analysis of new insertion of AMPA receptors following stimulation with Reelin and induction of neuronal activity was performed in hippocampal neurons from E17.5 wild-type (+/+) mice, heterozygous ApoER2 (ApoER2^+/−^) mice, mice heterozygous for the ephrinB2 serine mutation (efnB2^S-9\>A/+^), and compound mice carrying only one allele of ApoER2 and one of the ephrinB2 serine mutations (ApoER2^+/−^; efnB2^S-9\>A/+^). Mice heterozygous for ApoER2 and mice heterozygous for the ephrinB2 serine mutation individually did not show any decrease in AMPA receptor insertion after Reelin stimulation and KCl treatment ([Figure 6](#fig6){ref-type="fig"}G). However, under the same stimuli, the mice compound (ApoER2^+/−^; efnB2^S-9\>A/+^) heterozygous for the ApoER2 receptor failed to induce AMPA receptor insertion when one allele of the ephrinB2 was mutated in the serine residue ([Figures 6](#fig6){ref-type="fig"}E and 6G). Moreover, activity-induced and ApoER2-mediated downstream signaling at the synapse through Dab1 phosphorylation was also impaired in hippocampal neurons isolated from compound ApoER2^+/−^; efnB2^S-9\>A/+^ mice ([Figures S6](#mmc1){ref-type="supplementary-material"}A and S6B). Hippocampal neurons isolated from wild-type mice (+/+), heterozygous ApoER2^+/−^ mice, and mice with one mutated allele of ephrinB2 responded to treatment with KCl by inducing comparable levels of phosphorylation of the adaptor protein Dab1 ([Figure S6](#mmc1){ref-type="supplementary-material"}B).

ApoER2 Binding to GRIP1 and EphrinB2 Is Required for the Induction of Synaptic Plasticity {#sec2.8}
-----------------------------------------------------------------------------------------

To examine the requirement of ApoER2-GRIP1 and ApoER2-ephrinB2 interactions for synaptic plasticity in a physiological context, we performed LTP measurements in hippocampal slices. During the expression phase of LTP, the insertion of new AMPA receptors into the postsynaptic membrane is a crucial step. We recorded LTP in acute hippocampal slices from wild-type, single-heterozygous ApoER2^+/−^, GRIP1^+/−^ or efnB2^S-9\>A/+^ mice and double-heterozygous compound mice (ApoER2^+/−^; GRIP1^+/−^ or ApoER2^+/−^; efnB2^S-9\>A/+^). For both combinations, LTP magnitude was comparable between single-heterozygous mice and wild-type littermates, whereas the double-heterozygous compound mice showed significantly reduced LTP ([Figures 7](#fig7){ref-type="fig"}A--7D).Figure 7ApoER2, GRIP1, and EphrinB2 Genetically Interact at the Synapse(A--D) ApoER2, GRIP1, and ephrinB2 genetically interact in LTP. ApoER2^+/−^; GRIP1^+/−^ compound mice (A and B) and ApoER2^+/−^; efnB2^S-9\>A/+^ compound mice (C and D) show reduced LTP. LTP was induced by theta burst stimulation (TBS) of Schaffer collaterals and field excitatory postsynaptic potentials (fEPSPs) were recorded in the stratum radiatum of the CA1 region. Representative traces of the compound mice and their respective single-heterozygous and wild-type littermates (+/+) are shown. (ApoER2^+/−^; GRIP^+/−^ in A; ApoER2^+/−^; eB2^S9\>A/+^ in C) LTP is significantly reduced in ApoER2^+/−^; GRIP1^+/−^ compound mice (B) and in ApoER2^+/−^; efnB2^S-9\>A/+^ compound mice (D) compared to their respective control genotypes at 55--60 min after TBS.(E) GRIP1 regulates ApoER2/ephrinB2 functions at the synapse. Neuronal activity induces ephrinB clustering, leading to the recruitment of Src and its activation, which in turn phosphorylates the adaptor protein Dab1 recruited by ApoER2 receptors. Upon phosphorylation of ephrinB2 in a serine residue (Ser-9), glutamate-receptor-interacting protein 1 (GRIP1) binds to ApoER2 and bridges a complex including ApoER2, ephrinB2, and AMPA receptors at the synapse in an activity-dependent manner. The formation of such a complex is necessary for activity induced synaptic plasticity.For (A)--(D), bar graphs show mean ± SEM as calculated across slices (shown as error bars). ApoER2-GRIP1: n = 7 wild-type mice (16 slices), 6 ApoER2^+/−^ mice (13 slices), 9 GRIP1^+/−^ mice (16 slices), and 8 ApoER2^+/−^; GRIP1^+/−^ compound mice (21 slices). ApoER2-ephrinB2: n = 6 wild-type mice (13 slices), 4 ApoER2^+/−^ mice (9 slices), 4 efnB2^S-9\>A/+^ mice (8 slices), and 6 ApoER2^+/−^; efnB2^S-9\>A/+^ compound mice (15 slices). ^∗^p \< 0.05; ^∗∗^p \< 0.01. See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

To test whether the attenuated LTP in ApoER2^+/−^; GRIP1^+/−^ and ApoER2^+/−^, efnB2^S-9\>A/+^ compound mice result from altered basal synaptic transmission, we measured input-output curves at various stimulus intensities. No significant effect was found among the genotypes ([Figures S7](#mmc1){ref-type="supplementary-material"}A and S7C). Additionally, to investigate whether presynaptic properties are altered in the mutant mice, we analyzed paired-pulse ratio as a measure for presynaptic release probability. No differences were found among the genotypes, indicating that presynaptic function is normal in ApoER2^+/−^; GRIP1^+/−^ mice and ApoER2^+/−^; efnB2 ^S-9 \>\ A/+^ compound mice ([Figures S7](#mmc1){ref-type="supplementary-material"}B and S7D). These experiments suggest that basal synaptic properties are unchanged in ApoER2^+/−^; GRIP1^+/−^ mice and ApoER2^+/−^; efnB2^S-9\>A/+^ compound mice and that the reduced LTP most likely results from a defect in expression or maintenance of LTP due to an impairment of plasticity-induced insertion of additional AMPA receptors into the postsynaptic membrane.

Discussion {#sec3}
==========

Reelin, its receptors ApoER2 and VLDLR, and the intracellular adaptor protein Dab1 all continue to be expressed in the adult brain and have been proposed to play roles during synaptic plasticity and memory formation ([@bib31], [@bib2], [@bib30]). We have previously shown that the Reelin receptor ApoER2 interacts with ephrinB proteins to regulate neuronal migration during the development of laminated structures in the mouse brain ([@bib26]). In this study, we unravel the cooperation of ephrinB2 and ApoER2 to regulate new AMPA receptor membrane insertion in response to neuronal activity ([Figure 7](#fig7){ref-type="fig"}E), demonstrating that the previously identified function of ephrinBs in regulating Reelin signaling goes beyond the control of developmental functions of Reelin and extends to other roles in adulthood such as synaptic plasticity.

ApoER2-deficient mice were shown to exhibit impairments in LTP ([@bib31]). The mechanism underlying the plasticity functions of ApoER2 receptors has been in part attributed to the modulation of the activity of NMDA receptors. Reelin signaling induces NMDA receptor phosphorylation and synaptic currents in a Dab1- and Src-family-kinase-dependent manner ([@bib5]). In addition to the modulation of NMDA receptor activity, ApoER2 and Dab1 have been shown to regulate new insertion of GluR1-containing AMPA receptors following long-lasting treatment of hippocampal neurons in culture with Reelin ([@bib23]). This mechanism, which seems to apply to insertion of newly synthesized AMPA receptors during the late phases of LTP, is dependent on the activation of phosphatidylinositol 3-kinase (PI3K) by Reelin and appears to be independent of SFK activation. Interestingly, PI3K signaling has been shown to be activated by phosphorylated Dab1 and to be involved in AMPA receptor insertion via the ApoER2-Dab1 pathway ([@bib23]). PI3K activation may lead to activation of Akt, which has been found to exhibit reduced phosphorylation and reduced activation of its downstream substrates in Dab1 knockout hippocampus, causing defects in synaptic plasticity ([@bib30]).

We now show a mechanism that seems to act in the early phases after the induction of neuronal activity and that results in a rapid clustering of ApoER2 and ephrinB2 and the new insertion of GluR2-containing AMPA receptors at the postsynaptic membrane. Loss-of-function studies with both receptors and the use of compound genetics show the requirement of ephrinB for this ApoER2-mediated AMPA receptor insertion induced both by neuronal activity as well as by short-term stimulation with Reelin. Interestingly, insertion of AMPA receptors in this early phase following Reelin stimulation appears to depend on the activation of SFKs. The kinetics of such events suggest that the clustering of ApoER2 and ephrinB2 regulates the new insertion of AMPA receptors from the intracellular compartment pool and is important for induction of LTP. In agreement with this, postnatal ablation of ephrinB2 in the nervous system leads to severe defects in hippocampal LTP ([@bib12]).

In the current study, we show that Dab1 phosphorylation is increased by neuronal depolarization. We found that induction of neuronal activity by membrane depolarization clusters ephrinB, ApoER2, and the intracellular adaptor molecule Dab1 at postsynaptic sites. Direct activation of ephrinB2 or ApoER2 by EphB4 receptor or Reelin, respectively, caused Dab1 phosphorylation at postsynaptic sites. Loss of function of any of both receptors showed an impairment to phosphorylate Dab1 upon neuronal activity induction, suggesting that the cooperation of both receptors is required for Dab1-dependent signaling during synaptic plasticity. Consistently with our results, Reelin-induced phosphorylation of Dab1 via SFKs has been shown to be required for the formation and maintenance of dendritic spines ([@bib22]), and Dab1 deletion in the adult brain results in impaired induction and maintenance of LTP ([@bib30]).

We had previously identified a new phosphorylation site in the cytoplasmic tail of ephrinB2, on the serine −9 from the C terminus ([@bib10]). Using constructs where this phosphorylation was either prevented (serine mutated to alanine \[S9 \> A\]) or mimicked (serine mutated to glutamic acid \[S9 \> E\]) to generate a loss or gain of function, respectively, we showed that binding of GRIP1 to ephrinB2 was impaired in cells expressing the S9 \> A construct, but constitutive upon the expression of the S9 \> E plasmid. Furthermore, by expressing similar constructs in neurons isolated from neuron-specific ephrinB2 knockout mice, we showed that AMPA receptor internalization was increased in the ephrinB2 knockout mice, a phenotype that was rescued in neurons expressing the S9 \> E mutation, but not S9 \> A. In other words, the stabilization of AMPA receptors at the membrane by ephrinB2 requires the phosphorylation of ephrinB2 at the residue Ser-9 ([@bib10]). To analyze whether serine phosphorylation of ephrinB2 regulates the co-operative functions of ephrinB2 and ApoER2, we generated a knockin mouse mutant where the Ser-9 of ephrinB2 was replaced by alanine in order to prevent phosphorylation at that residue (efnB2 S-9 \> A mouse). Hippocampal neurons from efnB2 S-9 \> A mice were unable to insert new AMPA receptors upon KCl or Reelin stimulation. The same impairment was observed in compound mice double heterozygous for ApoER2 and the mutated ephrinB2, while the single heterozygous mice were unaffected, showing the requirement of ephrinB2 for ApoER2 function and underlining the importance of ephrinB2 serine phosphorylation for this interaction. Importantly, also the phosphorylation of Dab1 was impaired in compound mice double heterozygous for ApoER2 and mutated ephrinB2. In agreement with these findings, we found that biochemical interaction of ApoER2 and the AMPA receptor subunit GluR2 was disrupted in efnB2 S-9 \> A mouse brain lysates.

It seems likely that different cooperative signaling complexes assemble at the intracellular domain of ApoER2 to regulate baseline and Reelin-induced LTP. These complexes include the interaction of Dab1 to the NPXY domain of ApoER2 and of other adaptor proteins to exon 19 of ApoER2. The exon 19 was shown to be required for the Reelin-modulated functions of ApoER2 during synaptic plasticity ([@bib2]). Exon 19 of ApoER2 contains a PDZ-binding domain and binds PDZ-containing proteins, such as the postsynaptic protein PSD-95 and the multi-adaptor protein X11α, a regulator of processing and trafficking of the amyloid precursor protein APP; both interactions regulate the insertion of ApoER2 into the membrane ([@bib28], [@bib11], [@bib14], [@bib21]). Indeed, PSD95 has been postulated to mediate the interaction between ApoER2 and NMDA receptors ([@bib2]). We have shown previously that AMPA receptor membrane stabilization regulated by ephrinB2 phosphorylation at serine −9 depends on the recruitment of the scaffolding molecule GRIP1, which bridges ephrinB2 and AMPA receptors ([@bib10]). Here, we have unraveled an interaction between GRIP1 and ApoER2 receptors that is necessary for the regulation of activity- and ApoER2-mediated AMPA receptor insertion. We show biochemically that GRIP1 acts as a scaffolding molecule bridging ephrinB2, ApoER2, and AMPA receptors in a complex and that GRIP1 loss of function results in impaired formation of such a complex in vivo. As a consequence of the disruption of such complex, hippocampal neurons isolated from the single ApoER2^−/−^, Nes-cre ephrinB2^−/−^, ephrinB2 S-9 \> A and GRIP1^−/−^ as well as compound mutants ApoER2^+/−^; GRIP1^+/−^ and ApoER2^+/−^; ephrinB2^S-9\>A/+^ show impairments in new AMPA receptor insertion at the synaptic membrane. Interestingly, and in line with our results, it has also been previously shown that AMPA receptor recycling upon NMDA-induced activity is impaired in neurons lacking GRIP1 and GRIP2 ([@bib20]), showing that GRIP1 is an essential key player in the regulation of AMPA receptor availability.

In order to further assess the physiological function of the ApoER2/GRIP1/ephrinB2-mediated insertion of AMPA receptors, we performed field recordings in compound ApoER2^+/−^; GRIP1^+/−^ and in compound ApoER2^+/−^; efnB2^S-9\>A/+^ double-heterozygous mice. Our results show a significant reduction in LTP in both compound mice, while the corresponding single-heterozygous mice appear unaffected. The input-output curves and paired-pulse ratios reveal no difference between the genotypes, excluding an issue with basal presynaptic transmission. Consistently, presynaptic properties in ApoER2^−/−^ mice are unchanged ([@bib31]). The impaired LTP observed in compound GRIP1; ApoER2 double-heterozygous mice, as well as in compound efnB2 S-9 \> A; ApoER2 mice, is therefore most likely due to postsynaptic defects, such as the AMPA receptor insertion into the dendritic membrane, thus corroborating our molecular findings.

We suggest a model in which neuronal activity causes clustering of ephrinB2, which in turn leads to the recruitment of GRIP1 molecules. GRIP1 provides a scaffold for a multiprotein signaling complex including ApoER2, AMPA receptors, and ephrinB2 to activate downstream signaling cascades necessary for the insertion of new AMPA receptors. Our findings open the possibility to explore potential new therapeutic targets for neurological disorders and cognitive dysfunction associated with Reelin signaling loss of function such as schizophrenia and Alzheimer disease.

Experimental Procedures {#sec4}
=======================

Animals {#sec4.1}
-------

The generation of conditional ephrinB2^lox/lox^ knockout mice has been described previously ([@bib12]). ApoER2 knockout mice were kindly provided by Joachim Herz and genotyped as described previously ([@bib29]). GRIP1 knockout mice were kindly provided by Richard Huganir ([@bib27]). To generate ApoER2^+/−^; GRIP1^+/−^ compound mice, heterozygous ApoER2 knockout mice were crossed with heterozygous GRIP1 knockout animals.

To generate the ephrinB2 S-9 \> A mouse line, a knockin strategy previously used to generate ephrinB2 ΔC mice ([@bib1]) and ephrinB2 ΔValin mice and ephrinB2 5Y mice ([@bib18]) was used. For more details, please refer to [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}. To generate ApoER2^+/−^; ephrinB2 S-9 \> A/+ compound mice, heterozygous ApoER2-knockout mice were crossed with heterozygous ephrinB2 S-9 \> A knockin animals.

All the experiments involving animal were conducted according to the institutional guidelines and approved by the German authorities (Hessian government).

Primary Hippocampal Neuron Cultures {#sec4.2}
-----------------------------------

Primary hippocampal neurons from wild-type, ephrinB2 conditional knockout, ApoER2 knockout, ApoER2^+/−^; GRIP1^+/−^ compound, ephrinB2 S-9 \> A knockin, and ApoER2^+/−^; ephrinB2^S-9\>A/+^ compound mice and control littermates were prepared at E17.5. Neurons from GRIP1 knockout mice were isolated at E15.5. Isolation and cultivation of hippocampal neurons was carried out as described previously ([@bib25]).

Immunoprecipitation and Western Blot Analysis {#sec4.3}
---------------------------------------------

Co-immunoprecipitation assays and western blot analysis were performed as previously described ([@bib10]). As immunoprecipitation control, either unrelated primary antibodies or normal immunoglobulin Gs (IgGs) produced in the same species as the experimental antibody were used.

Statistical Analysis {#sec4.4}
--------------------

The numbers (n) stated in the figure legends represent the number of means on which the presented results, expressed as the mean ± SEM, and the statistical significance, determined by the two-tailed Student's t test, are based. These n values are independent experiments in all figures, except when otherwise mentioned. For electrophysiological recordings, an average of 14 slices in 4--9 animals per condition were recorded, from which the mean ± SEM were calculated. Statistical significance was assumed when p \< 0.05. In figures, ^∗^p \< 0.05, ^∗∗^p \< 0.01, and ^∗∗∗^ p \< 0.001.
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